Background
Thiamin, also known as vitamin B1, is an essential nutrient for humans. Whereas it is synthesized by many plants and microorganisms, all mammals depend on its consumption with diet. Besides being a potent cofactor for numerous enzymatic activities essential in energy metabolism pathways, thiamin is involved in brain functioning and interneuronal communication. 1 Also, it plays a role in the regulation and activation of the immune system. Interestingly, via suppressing activation of necrosis factor NFκB, thiamin inhibits a release of inflammatory markers by macrophages. 2 Vitamin B1 has also been regarded to constitute anti-inflammatory factor and regulate the expression of inflammatory agents. 3 Thiamin has received increased interest recently, since the discovery that it is able to reduce peritoneal AGE accumulation, fibrosis, neovascularization, and inflammation in uremic rats. Also, it preserves the remnant kidney function and has an impact on residual renal function in peritoneal dialysis (PD). 4 These protective effects are assumed to occur due to the action of thiamin diphosphate (ThDP), a biologically active derivative of vitamin B1. It is a product of an intracellular reaction involving thiamin phosphokinase activity. 1 Interestingly, unlike thiamin monophosphate or free thiamin cation, ThDP is believed not to cross cellular membranes. 1 Hence, despite the beneficial effect of ThDP described in a PD model in rats, it is not known whether this compound can be detected in human peritoneal effluent.
Taking into account the high prevalence of inadequate vitamin B1 status, which may lead to neuropathy, autonomic dysfunction, impaired immune system reactivity, and enhanced inflammatory response, the scarcity of evidence concerning peritoneal thiamin losses may be surprising. Only few studies have assessed vitamin B1 status in PD patients. [5] [6] [7] [8] [9] [10] To the best of our knowledge, only 1 measured vitamin B1 peritoneal losses. 5 However, ThDP losses have not been assessed and reported yet. Consequently, there is no data on the factors that may contribute to the magnitude of such losses, and the relation of ThDP appearance rate to the transport characteristics of the peritoneal membrane has never been addressed.
The peritoneal equilibration test (PET) is a clinical tool to assess the peritoneal membrane characteristics of individual patients in order to provide an appropriate PD prescription. The PET can be used to estimate transport properties of the peritoneal membrane. Assessment of ThDP in dialysis effluent during the PET makes it possible to analyze active thiamin compound appearance in the effluent under standardized and reproducible conditions. Also, it makes it possible to analyze the relationship between ThDP loss and the transport characteristics of the peritoneal membrane.
The aim of our research was to measure ThDP concentration in the peritoneal effluent, to assess ThDP losses related to PD, and to predict the pattern of ThDP transport, as compared to the transport of blood urea nitrogen (BUN), creatinine, and glucose in PD patients.
Methods
Written consent was obtained from all participants before entering the study, and the local ethics committee approved the protocol. In this cross-sectional study, we recruited 26 adult participants. They comprised 16 patients treated with continuous ambulatory peritoneal dialysis (CAPD) and 10 patients treated with automated peritoneal dialysis (APD). Patients with an episode of peritonitis in the preceding 30 days, with PD catheter malfunction, ultrafiltration failure, uncontrolled blood glucose, active infection, or the ones clinically overhydrated or dehydrated were excluded from the study. On the day of the PET performance, all patients underwent estimation of dialysis adequacy (KT/V), normalized protein catabolic rate (nPCR) and calculation of glomerular filtration rate (GFR) and peritoneal clearances based on 24-hour collections of urine and dialyzate. We measured ThDP, creatinine, BUN and protein levels in a 24-hour effluent collection. The PET was performed according to standard procedure (2-liter bag of 2.3% glucose solution, effluent sampling at 0 h, 2 h, and 4 h). ThDP was measured in dialysis effluent at 2 h and 4 h. In 8 patients, a blood sample for ThDP analysis in plasma was also taken at 2 h. Plasma was separated after centrifugation at 4500 RPM and stored with samples of dialysis effluents in -80°C for further processing.
We also analyzed demographic (age, sex, body mass index (BMI), time on dialysis) and clinical (diabetes mellitus (DM) comorbidity, PD modality, ultrafiltration rate (UF), residual renal function (RRF), glomerular filtration rate, peritoneal transport characteristics, peritoneal clearance, normalized protein catabolic rate (nPCR), weekly KT/V, hemoglobin (Hb), hematocrit (Htc), and neutrophil to lymphocyte ratio (N/L)) indices, as predicted contributors that may influence ThDP concentration.
Total body water was estimated according to Watson's formula, and nPCR was calculated using Bergstrom's formula. 11, 12 All laboratory measures were performed with an autoanalyzer (Modular Roche, Roche Diagnostics, Indianapolis, USA), using standard methods as follows: BUN with the spectrophotometric method, creatinine with the colorimetric kinetic test, glucose with the spectrophotometric hexokinase method, and protein with the colorimetric method. Complete blood count was performed with flow cytometry (Sysmex XE 2100D, Sysmex Corp., Kobe, Japan).
ThDP levels in effluent and plasma were detected using high performance liquid chromatography (HPLC Dionex equipped with C-18 reversed phase column Hypersil Gold, Dionex Corp., Sunnyvale, USA) with coupled detection -spectrophotometric (detector UV 340S Dionex) and coulometric (detector Coulochem II model 5019 ESA, Thermo Fisher Scientific, Waltham, USA). The calibration curves proved to be linear; the method is characterized by a precision of 2.9%. The minimum limit of quantification (LOQ) was equal to 8.7 ng/mL; the minimum limit of detection (LOD) was equal to 2.9 mg/mL.
Statistics
Distributions of all data were tested according to the Shapiro-Wilk test. Variables are presented as medians (95% CI) and ranges, when appropriate. Multiple regression was performed in order to find associations between ThDP concentration and appearance rates and potential contributors. Univariate correlations between the variables were calculated using the Spearman correlation coefficient. Statistical significance was considered at p < 0.05. Data analysis was accomplished using STA-TISTICA v. 12 PL (StatSoft, Inc., Tulsa, USA).
Results
The characteristics of the study group are shown in Table 1 . With regard to the PET results, the mean value of D/P (dialyzate-to-plasma ratio) of creatinine at 240 min was 0.59 ±0.1. Four participants were classified as fast, 14 as average fast/high, 7 as average slow/ low, and 1 as slow transporter. Figure 1 depicts ThDP appearance rate at 240 min of the PET and ThDP loss in 24-hour effluent collection in individual participants. Both parameters varied markedly interindividually. Nevertheless, the appearance rate and daily losses of ThDP were significantly correlated (Spearman r = 0.702; p < 0.05). Also, a relationship was found between daily loss of ThDP and its concentration in effluent at the 2 nd and 4 th hour of the PET (Fig. 2) . The median value of ThDP daily loss is shown in Table 2. Table 2 also shows ThDP concentrations in 24-hour effluent collection, and in samples at 2 h and 4 h of the PET. In 8 patients, plasma concentrations of ThDP were also measured. In all cases, the plasma values were low, close to the lower limit of the reference range for humans.
In multivariate regression, supplementation with thiamin hydrochloride, the modality of PD treatment (CAPD vs APD), diabetic status or anuria were not associated with ThDP appearance rate and losses. ThDP losses, dialyzate concentration and appearance rates could also not be explained by age, BMI, time on PD, ultrafiltration rates, peritoneal protein loss, nPCR, weekly KT/V, total week clearances of urea, and creatinine or by residual GFR.
ThDP effluent concentrations and appearance rates were not associated with plasma ThDP, as well as plasma and effluent concentrations and appearance rates of BUN and creatinine. There was no relationship between ThDP and plasma or effluent glucose concentrations. Also, peritoneal membrane characteristics, as classified in the PET, did not influenced daily ThDP losses.
In univariate analysis, we found weak associations between ThDP effluent concentrations at 4 h of the PET and N/L index (r = 0.397; p < 0.05), peritoneal urea and creatinine clearances (r = 0.487 and r = 0.429, respectively; p < 0.05) and patients' weight and height (r = -0.460 and r = -0.499; p < 0.05). No. of patients receiving thiamine supplements (6 mg daily) 15 
Discussion
Peritoneal losses and concentration of ThDP, a biologically active form of thiamine, in human dialyzate, have not been studied so far -our study aimed to fill this gap in knowledge. In view of the recent findings of the benefits of thiamine supplementation, which seems to protect the peritoneal membrane from inflammatory and oxidative insults, knowledge of ThDP may have important clinical implications. The PET allowed us to analyze ThDP losses under standardized and reproducible conditions. The most important finding of the presented study has been an unequivocal identification of ThDP in dialysis effluents. Thus, we have not only confirmed the previous findings of Boeschoten et al. that thiamine may be lost by this route, but we have also shown that the thiamine active form appears in the peritoneal effluent. 5 ThDP losses, although modest in most cases, may exceed daily recommended intake (DRI) for vitamin B1, as is depicted in Fig. 1 . Thiamine loss seems to be independent of the transport characteristics of the peritoneal membrane, but we have found significant positive associations between effluent ThDP concentrations and peritoneal clearances of urea and creatinine. Effluent BUN concentrations also correlated with those of ThDP in the 4 th hour of the PET. Thus, thiamine transport follows to some extent the pattern of the transport of small solutes.
Plasma ThDP levels proved to be below the reference range for the method used (20-50 ng/mL), in most analyzed cases. Interestingly, plasma thiamine levels are known to respond to carbohydrate intake in humans. 13 It is plausible that glucose absorption from 2.3% dialytic solution is responsible for the low plasma ThDP in the 2 nd hour of the PET. However, we have not found any correlation between effluent glucose concentration and plasma ThDP to support such a hypothesis.
We found a higher concentration of ThDP in the 24-hour effluent collection than the concentration in plasma. Hence, some mechanism of active transport or local ThDP synthesis must be responsible for this phenomenon. Mean ThDP D/P is well above 1, indicating other than simple gradient diffusion ways of ThDP dialyzate appearance. Neutrocyte/lymphocyte (N/L) ratio, reflecting systemic inflammatory status, was a parameter significantly associated with thiamine D/P. However, it is unclear whether it reflects the changed transport characteristics of the peritoneal membrane or rather local increased turnover of ThDP in the peritoneal cavity. This is an interesting finding that needs further investigation. The change of glucose concentration in effluent has not influenced ThDP levels. Thus, convection seems to have little impact on ThDP peritoneal losses.
Unexpectedly, supplementation with vitamin B1 seems to have no impact on peritoneal ThDP losses. Supplement derived thiamine, which occurs in unphosphorylated compound, can be easily lost with urine.
14 Taking into account the decreased vitamin B1 ingestion due to dietary restrictions, impaired absorption, and dialysis-related losses shown in this study, the need for thiamine supplements in PD patients should be widely recognized. 15, 16 In conclusion, we have shown that the active, phosphorylated form of thiamine is present in the dialyzate effluents of PD patients. We have also shown that ThDP appearance in dialyzate is independent of the transport characteristics of the peritoneal membrane. Our findings offer novel perspectives for future research on the protection of the peritoneal membrane in humans.
